Introduction {#sec1}
============

Acquired immune deficiency syndrome (AIDS) caused by human immunodeficiency virus type 1 (HIV-1) is a hard-to-cure chronic infectious disease. In 2007, a HIV-1-infected man who suffered from acute myeloid leukemia received transplantation of bone marrow from a donor who was homologous for a natural deletion of 32 bp within *CCR5* gene (*CCR5*Δ32/Δ32).[@bib1]^,^[@bib2] More recently, another HIV-1-infected individual underwent transplantation of *CCR5*Δ32/Δ32 hematopoietic stem cells (HSCs) to treat Hodgkin's lymphoma.[@bib3] These patients are both identified free of any detectable HIV-1 and remain healthy until now. It was demonstrated that the *CCR5*Δ32/Δ32 genotype played a key role in both cases.[@bib4], [@bib5], [@bib6] However, wide application of this success is limited by the rare population of people with natural *CCR5*Δ32/Δ32 genotype, as well as the restriction of histocompatibility leukocyte antigen (HLA) match.[@bib7] Accordingly, autograft of engineered *CCR5*-ablated HSCs from infected patients would provide an alternative treatment that may lead to the functional cure of AIDS.[@bib8]

Advances in genome editing have brought significant progress in disease curing. CRISPR/Cas9, as a simple and efficient gene-editing tool, has been extensively applied to construct gene knockout animals, treat the genetic disorders, as well as develop new strategies for HIV-1 gene therapy.[@bib9], [@bib10], [@bib11] Mandal et al.[@bib12] co-transfected Cas9 expression vector and *CCR5*-sgRNA (single guide RNA) into human CD34^+^ hematopoietic stem and progenitor cells (HSPCs) by nuclear transfection and obtained a 42% knockout efficiency. Recently, Xu et al.[@bib13] transplanted the CRISPR-mediated *CCR5*-disrupted HSCs into a HIV-1-infected man with acute lymphocytic leukemia. Despite the long-term engraftment of *CCR5*-ablated HSPCs, the viral rebound was observed upon interruption of antiretroviral therapy (ART).[@bib13] Considering the relatively low efficiency of gene modification *in vivo*, it remains challenging for application of CRISPR in HIV-1 treatment.[@bib14] As an alternative method to deliver therapeutic genes, lentiviruses have been widely used for treating the genetic disorders, as well as HIV-1 infection.[@bib15], [@bib16], [@bib17] We and others have successfully deleted the *CCR5* gene in CD4^+^ T cells via the lentivirus-vectored CRISPR/Cas9 and supplied protection to the modified CD4^+^ T cells.[@bib18], [@bib19], [@bib20] However, this strategy still needs *in vivo* validation in patients who have been infected with HIV-1.

Rhesus macaque is an ideal model for AIDS research owing to its similar genetic background, disease course, and pathological features to humankind.[@bib21] We and others have established the chronic simian immunodeficiency virus (SIV) infection model in rhesus monkeys.[@bib22], [@bib23], [@bib24] Recently, Peterson et al.[@bib25]^,^[@bib26] conducted high-level *CCR5* editing in monkey CD34^+^ HSPCs utilizing zinc finger nucleases (ZFNs) and engrafted the modified autologous HSPCs to SIV-infected recipients. Although yielding a *CCR5* disruption frequency of \~4% in peripheral blood, this treatment could not repress the viral rebound after withdrawal of ART.[@bib26] In this study, we constructed a SIV-based CRISPR-*CCR5*/Cas9 lentivirus to disrupt the *CCR5* gene in HSPCs collected from SIV-infected macaques. The modified autologous HSPCs were engrafted back to the infected monkeys under the non-myeloablative conditioning. The virological and immunological indicators, as well as gene modification efficiencies, were monitored at multiple time points before and after transplantation. This study might help to further verify the concept of utilizing autologous HSCs with customized *CCR5* deficiency to cure HIV-1 infection.

Results {#sec2}
=======

The *CCR5* Gene in Monkey HSPCs Was Disrupted by Lentivirus-Delivered CRISPR/Cas9 {#sec2.1}
---------------------------------------------------------------------------------

To determine the optimal time for mobilization, two normal rhesus monkeys (RM G06066 and RM S02169) were given stem cell factor (SCF) and granulocyte-colony stimulating factor (G-CSF) for 5 consecutive days according to previous research;[@bib24] the proportion of CD34^+^ HSPCs in peripheral blood increased on the first day and came to the highest percentage on the third day of mobilization (from 14% to 25% for RM G06066 and from 15% to 22% for RM S02169). Hence four SIV-infected rhesus monkeys (RM 31, RM 27, RM C3, and RM 34) were subjected to apheresis on the third day of mobilization ([Figure 2](#fig2){ref-type="fig"}A). The ratio of enriched CD34^+^CD38^−^ HSPCs, which are defined as the key feature of true HSCs,[@bib27] was measured before and after sorting (\~10% versus \~73%) ([Figure 2](#fig2){ref-type="fig"}B). Statistically, the purity of CD34^+^ HSPCs after sorting was about 70% (69.74% ± 12.83%), whereas that of CD34^+^CD38^−^ HSPCs was \~51% (51.60% ± 12.56%) ([Figure 2](#fig2){ref-type="fig"}C).

In a previous study, we screened two optimal guide RNAs (sgR5-H and sgR5-I) targeting the *CCR5* conserved sequence among human and rhesus; the off-target events were not detectable in both the monkey Vero cell line and HSPCs after transfection of sgR5-H and/or sgR5-I according to non-homologous end joining (NHEJ) assay and Sanger sequencing.[@bib9]^,^[@bib19] Accordingly, we constructed two SIV-based lentiviruses: SIV-R5-H, which harbors sgRNA, and SIV-R5-HI, which holds dual guide RNAs targeting diverse locus for predictable deletion of *CCR5.*[@bib12] SIV-R5-H or SIV-R5-HI was used to infect the purified CD34^+^ HSPCs from SIVmac251-infected monkeys in the treated group, and the control vector SIV GFP was used to infect the purified CD34^+^ HSPCs from an SIVmac251-infected monkey in the control group as shown in [Figure 1](#fig1){ref-type="fig"}. The transfection efficiency was qualitatively assessed by GFP-based fluorescence microscopy ([Figure 2](#fig2){ref-type="fig"}D) and quantitatively determined by fluorescence-activated cell sorting (FACS) gating of GFP^+^ cells at indicated time points before and after transplant ([Figure 2](#fig2){ref-type="fig"}E). The percentage of GFP^+^ cells in HSPC infusion products was nearly 70%. Following transplant, the ratio of GFP^+^ cells in peripheral blood decreased over time and dropped to 6.6% 8 months later ([Figure 2](#fig2){ref-type="fig"}E), which was similar to previous research.[@bib28] The efficiency of *CCR5* modification in HSPCs challenged with SIV-R5-H was 6.5% for RM 27 and 8.9% for RM C3, respectively ([Figure 2](#fig2){ref-type="fig"}F). Specifically, the efficiency of *CCR5* disruption in HSPCs treated with SIV-R5-HI was up to 15.6% (RM 31) ([Figure 2](#fig2){ref-type="fig"}G). More importantly, there was about 5% of HSPCs infected with SIV-R5-HI showing a targeted ablation of a specific 252-bp sequence in *CCR5* locus ([Figure 2](#fig2){ref-type="fig"}G). Collectively, these data demonstrated that both sgRNA- and dual guide RNA-directed Cas9 could result in the disruption of *CCR5* in monkey CD34^+^ HSPCs.Figure 1Animals and the Experimental DesignA schematic diagram of the animal experiment. Chinese rhesus macaques were inoculated with SIVmac251 and treated with ART for over 1 year. The ART regimen (PMPA and FTC) was administered i.m. once daily. During the ART treatment, SCF and G-CSF were subcutaneously (s.c.) injected to mobilize HSPCs to peripheral blood before apheresis. Two collections of CD34^+^ HSPCs were pooled together and infected with SIV-GFP, SIV-R5-H, or SIV-R5-HI. After conditioning with busulfan, the *CCR5*-modified HSPCs were autotransplanted to SIV-infected monkeys. ART was terminated when the engraftment was successful. The virological and immunological indicators, as well as the physiological status of monkeys, were monitored at multiple time points before and after transplantation.Figure 2The *CCR5* Gene in CD34^+^ HSPCs Was Efficiently Disrupted by Lentivirus-Vectored CRISPR/Cas9(A) The percentage of CD34^+^ HSPCs in peripheral blood (PB) after mobilization. Four SIV-infected and two normal rhesus monkeys were given SCF and G-CSF for 3 and 5 days, respectively. (B) Representative FACS dot diagram of the proportion of CD34^+^CD38^−^ HSPCs before and after magnetic activated cell sorting (MACS) sorting. (C) The statistical analysis of the CD34^+^ HSPCs and CD34^+^CD38^−^ HSPCs in four SIV-infected animals before and after sorting. Data are expressed as mean ± SD with p values indicated in the histogram. (D) Representative fluorescence image of SIV-GFP- and SIV-R5-HI-infected CD34^+^ HSPCs. Scale bars, 100 μm. (E) The proportion of GFP^+^ cells in infusion HSPCs or in peripheral blood was quantitatively determined by FACS at indicated time points before and after transplant. The red arrow indicates the correspondence of fluorescence image to the quantitative data obtained by FACS at the day of transplantation (day 0). (F and G) NHEJ assay for *CCR5* gene modification in CD34^+^ HSPCs after transduction with SIV-R5-H for RM 27 and RM C3 (F) and SIV-R5-HI for RM 31 (G) at an MOI of 100. The 341-bp band (marked by a black arrow) indicates the intended deletion of 252 bp between Cas9 sites for the sgR5-H and sgR5-I (F). Cruiser indicates the PCR products that underwent Cruiser digestion. PCR product indicates the PCR products without treatment of Cruiser. Marker M1, 100-bp DNA ladder; M2, DL2000 DNA marker.

The Multilineage Potential of *CCR5*-Modified Monkey HSPCs and the *In Vivo* Dynamics of Different Hematopoietic Cell Subsets {#sec2.2}
-----------------------------------------------------------------------------------------------------------------------------

To determine whether the treatment of CRISPR/Cas9 lentiviruses affected the multilineage potential of monkey HSPCs, we performed an *in vitro* colony formation assay. The *CCR5*-modified HSPCs could differentiate into macrophages, granulocytes, erythrocytes, and megakaryocyte lineages regardless of whether sgRNAs, dual guide RNAs, or no guide RNAs were applied ([Figure 3](#fig3){ref-type="fig"}A). The proportion of CFU-granulocyte/macrophage (CFU-GM) was the largest among all the colony-forming units (CFUs) ([Figure 3](#fig3){ref-type="fig"}B). Next, we assessed the dynamics of different hematopoietic cell subsets before and after transplantation. The number of total white blood cells (WBCs) declined drastically after injection of busulfan and began to recover slowly 11--23 days postengraftment ([Figure 3](#fig3){ref-type="fig"}C). For neutrophil (NEU), the absolute count decreased markedly after injection of busulfan and began to recover rapidly in 3 days. However, 4--5 days posttransplantation, NEU number began to reduce gradually until 2 weeks after engraftment. Then, up to 7 months after transplantation, NEU counts still failed to reach the pretransplantation level, indicating that the number of hematopoietic reconstituted cells was insufficient or some of the engrafted HSPCs were incompetent ([Figure 3](#fig3){ref-type="fig"}D). For other types of leukocytes, the number of lymphocytes (LYMs) also declined rapidly after the injection of busulfan, but began to recover and returned to the pretransplant level 2 weeks after transplantation ([Figure 3](#fig3){ref-type="fig"}E). The changes in monocytes (MONOs) before and after transplantation were similar to those in LYMs, and the MONO counts of four recipients had recovered to the pretransplant level after 6 months of engraftment ([Figure 3](#fig3){ref-type="fig"}F). For the erythroid hematopoietic compartment, the number of red blood cells (RBCs) ([Figure 3](#fig3){ref-type="fig"}G), as well as the hemoglobin (HGB) ([Figure 3](#fig3){ref-type="fig"}H), of all the monkeys showed a decline after busulfan administration, which lasted for 4--6 weeks after transplantation and then began to recover gradually, especially when monkeys were supportively transfused RBC suspension prepared from healthy monkeys of the same blood type. Notably, the absolute count of platelets (PLTs) decreased sharply upon busulfan administration and recovered slowly to half of the level before transplantation ([Figure 3](#fig3){ref-type="fig"}I). Thus, after autologous HSPC transplantation, SIV-infected monkeys have basically achieved hematopoietic reconstruction, except for the slow recovery of NEUs and PLTs.Figure 3The *In Vitro* Multilineage Potential of *CCR5*-Disrupted HSPCs and the *In Vivo* Dynamics of Different Hematopoietic Cell Subsets(A) Representative pictures of six types of colonies formed in methylcellulose: burst-forming unit-erythroid (BFU-E), CFU-erythroid (CFU-E), CFU-granulocyte/macrophage (CFU-GM), CFU-granulocyte (CFU-G), CFU-macrophage (CFU-M), and CFU-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM). (B) The quantified data on colony number and types in (A) are presented. Scale bars, 100 μm. (C--F) The absolute counts of different peripheral karyocytes were recorded before and after transplantation: (C) white blood cell, (D) neutrophil, (E) lymphocyte, and (F) monocyte. (G--I) The erythroid hemocytes and relevant parameters in peripheral blood were tested prior to and after transplantation: (G) red blood cell, (H) hemoglobin, and (I) platelet.

The Serum Biochemical Parameters of SIV-Infected Monkeys prior to and after Transplantation of *CCR5*-Modified HSPCs {#sec2.3}
--------------------------------------------------------------------------------------------------------------------

To assess the physiological status of the monkeys during the transplant and thereafter, we measured the body weight and biochemical indicators. After transplantation, the body weight of monkey RM 31, RM C3, and RM 34 experienced a remarkable reduction and gradually recovered to normal level approximately 1 month later. For animal RM 27, weight loss lasted during ART treatment and was not improved to the last observation ([Figure 4](#fig4){ref-type="fig"}A). Overall, the loss of body weight was combined with the presence of symptoms such as diarrhea and cough (data not shown).Figure 4The Body Weight and Serum Biochemical Results of SIV-Infected Monkeys prior to and after Transplantation of Autologous *CCR5*-Modified HSPCs(A) The changes in the body weight of experimental monkeys before and after transplantation. The blue arrows indicate the start (arrow up) and stop (arrow down) of ART treatment. (B--F) The changes in the serum biochemical parameters of SIV-infected monkeys before and after engraftment: (B) alanine aminotransferase, (C) aspartate aminotransferase, (D) creatinine, (E) lactate dehydrogenase, and (F) urea nitrogen.

The biochemical parameters tested in the blood include: alanine aminotransferase (ALT) ([Figure 4](#fig4){ref-type="fig"}B), aspartate aminotransferase (AST) ([Figure 4](#fig4){ref-type="fig"}C), creatinine (CRE) ([Figure 4](#fig4){ref-type="fig"}D), lactate dehydrogenase (LDH) ([Figure 4](#fig4){ref-type="fig"}E), and urea nitrogen (BUN) ([Figure 4](#fig4){ref-type="fig"}F); each detection index has its physiological significance. ALT and AST mainly indicate whether liver function is abnormal, CRE and BUN mainly indicate whether kidney function is abnormal, and LDH is related to the function of the heart. For RM 34 monkey, BUN and CRE values peaked about 2 weeks after transplantation and then gradually decreased, but then increased again, suggesting that this monkey may have glomerular filtration dysfunction ([Figures 4](#fig4){ref-type="fig"}D and 4F). Other monkeys did not show obvious abnormalities in their overall physiology, despite fluctuations in certain parameters.

The Level of *CCR5* Gene Editing *In Vivo* after Transplantation {#sec2.4}
----------------------------------------------------------------

Lymphoid tissues, especially gut-associated lymphoid tissues, are major HIV-1 replication sites. To characterize the trafficking and behavior of *CCR5*-disrupted cells at tissue level, we collected the peripheral lymphoid tissues (inguinal lymph node) at different time points before and after transplantation, and the gastrointestinal (GI) biopsies from upper GI (duodenum) and lower GI (colon) were collected as previously described.[@bib29] The above samples were subjected to the assessment of *CCR5* knockout efficiency as described previously.[@bib25] There was a weak enrichment of *CCR5*-deficient cells in inguinal lymph nodes (ranging from 1% to 1.5%) after transplant ([Figure 5](#fig5){ref-type="fig"}A). For upper GI tissues, the percentage of *CCR5*-disrupted cells was around 0.6%--1% ([Figure 5](#fig5){ref-type="fig"}B). By contrast, the disruption of *CCR5* gene in lower GI samples was hardly detected after transplant ([Figure 5](#fig5){ref-type="fig"}C). Then we stepped forward to assay the rates of *CCR5* gene disruption in different hematopoietic cell types in peripheral blood. The frequencies of *CCR5* gene disruption in different hematopoietic cell subsets (peripheral blood mononuclear cell \[PBMC\], CD4^+^ T cell, CD8^+^ T cell, B cell, and MONO) range from 0.3% to 1.1% before the cessation of ART ([Figures 5](#fig5){ref-type="fig"}D--5F). However, the ratios of *CCR5*-edited cells in CD4^+^ T cells were uniformly increased \~120 days post-ART withdrawal. Especially in the CD4^+^ TEM subgroup, the *CCR5*-disrupted cells were dramatically enriched (3.1-fold for RM 31, 2.5-fold for RM 27, and 2.1-fold for RM C3) 8 months after ART withdrawal ([Figures 5](#fig5){ref-type="fig"}D--5F). By contrast, the percentages of *CCR5*-disrupted cells in CD4^+^ Central Memory T cell (TCM) and CD4^+^ NaÏve T cell (TN) subsets were not significantly increased after viral rebound ([Figures 5](#fig5){ref-type="fig"}D--5F). These results together with earlier research indicated that part of CD4^+^ T cells that derived from *CCR5*-disrupted HSPCs could persist *in vivo* and undergo the virus-dependent positive selection.[@bib26]Figure 5The Level of *CCR5* Gene Editing *In Vivo* after Transplantation of Autologous *CCR5*-Modified HSPCs(A--C) The efficiency of *CCR5* disruption in peripheral lymph node (A), upper GI tissue (duodenum) (B), and lower GI tissue (colon) (C) at different time points. The pre-transplant and post-transplant dates are 64 days before transplant and 174 days after transplant, respectively. (D--F) The rates of *CCR5* gene disruption in different hematopoietic cell types (PBMC, CD4^+^ T cell, CD8^+^ T cell, B cell and monocyte, CD4^+^ TN, CD4^+^ TCM, and CD4^+^ TEM) in three monkeys who received transplantation of autologous *CCR5*-disrupted HSPCs: RM31 (D), RM27 (E), and RM C3 (F) at indicated dates. The pre- and post-combination ART (cART) withdrawal dates are 33 and 202 days after transplant, respectively.

Because the lentivirus system was used to deliver the CRISPR/Cas9 system in this study, we evaluated the expression of Cas9 and guide RNAs at different time points after transplant. For all the CRISPR/Cas9-treated animals, the expression level of Cas9 protein declined remarkably with time ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Similarly, the relative expression of guide RNAs in three *CCR5*-modified monkeys was uniformly reduced over time ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Nevertheless, the residual Cas9 protein and guide RNAs remained detectable up to 8 months after transplantation.[@bib30] The off-target effects of CRISPR were measured based on the deep-sequencing platform, and no obvious off-target events were detected ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D).[@bib25]

The Impact of Autograft of *CCR5*-Disrupted HSPCs on Peripheral SIV Viral Load {#sec2.5}
------------------------------------------------------------------------------

As shown in [Figure 1](#fig1){ref-type="fig"}, after monkeys had entered the plateau stage of SIV infection, ART was launched and strongly reduced the plasma viral load of all the animals ([Figure 6](#fig6){ref-type="fig"}A). The extent of hematopoietic reconstruction in this study was assessed by the percentage of reticulocytes in peripheral blood (data not shown).[@bib31] When engraftment was successful, the ART drugs were withdrawn. Monkeys RM 27 and RM 34 showed a rapid and complete rebound of plasma SIV 1 week after ART cessation ([Figure 6](#fig6){ref-type="fig"}A). However, monkey RM C3 showed a slow and moderate rebound of plasma SIV 3 months after withdrawal of ART ([Figure 6](#fig6){ref-type="fig"}A). In particular, for monkey RM 31, the plasma viral load dropped drastically since the start of ART (from the peak value of 1,500 copies \[cps\]/mL to \~50 cps/mL) and remained undetectable for over 7 months after cessation of ART ([Figure 6](#fig6){ref-type="fig"}A).[@bib32]^,^[@bib33]Figure 6The SIV Viral Load before and after Transplantation of Autologous *CCR5*-Modified HSPCs(A) The changes of SIV RNA in plasma before and after transplantation. (B) The changes of SIV iDNA in PBMCs pre- and post-engraftment. The up arrow and down arrow indicate the start and stop of ART treatment, respectively. (C) The quantification of SIV iDNA in PBMCs and purified CD34^+^ HSPCs collected from SIV-infected monkeys \~127 days before transplant. Data are expressed as mean ± SD.

We also analyzed the integrated SIV virus (SIV iDNA) in PBMCs of experimental monkeys before and after transplantation. The copy number of SIV iDNA decreased slowly during the whole process of ART ([Figure 6](#fig6){ref-type="fig"}B). SIV iDNA was reduced significantly because of busulfan's effect in scavenging bone marrow cells and some peripheral LYMs. After cessation of ART, the SIV iDNA rapidly recovered probably because of the non-myeloablative dosage of busulfan and rebound of plasma virus. Subsequently, the SIV iDNA copy number of the four monkeys showed different changes. The SIV iDNA copy number for RM 31 was kept at a low level corresponding to its enrichment of *CCR5*-disrupted cells in peripheral CD4^+^ T cells ([Figure 5](#fig5){ref-type="fig"}D). The other two monkeys with *CCR5* modification (RM 27 and RM C3) together with RM 34, which did not experience the CRISPR/Cas9 modification, maintained a high number of SIV iDNA copies with some fluctuation ([Figure 6](#fig6){ref-type="fig"}B).

An important concern is whether HIV-1/SIV could infect HSPCs and establish latent cellular reservoirs,[@bib34], [@bib35], [@bib36] so we detected the SIV iDNA in PBMCs and HSPCs collected from SIV-infected monkeys on ART before transplant. For HSPCs, the number of SIV iDNA copies was lower than the limit of detection, whereas the PBMCs collected at the same time contained multiple copies of SIV iDNA ([Figure 6](#fig6){ref-type="fig"}C). These results suggested that long-term ART regimen could control viral load and inhibit the SIV infection of CD34^+^ HSPCs in bone marrow.

The Effect of Transplant of Autologous *CCR5*-Disrupted HSPCs on CD4^+^ T Cell Count and the Expression of CCR5 {#sec2.6}
---------------------------------------------------------------------------------------------------------------

Before ART treatment, SIV monkeys were in the period of chronic infection with the absolute count of CD4^+^ T cells above 500 cells/μL. All of the animals showed increased and relatively stable counts of CD4^+^ T cells during ART treatment. For monkey RM 31, CD4^+^ T cell count reached 1,200 cells/μL before ART ([Figure 7](#fig7){ref-type="fig"}A) and remained high until conditioning and transplantation. When hematopoietic mobilization was performed and PBMCs were collected by apheresis, the absolute counts of CD4^+^ T cells showed a decreasing trend from the second collection of HSPCs 4 months before the operation and declined to the nadir after the injection of busulfan ([Figure 7](#fig7){ref-type="fig"}A). The number of CD4^+^ T cells began to recover after the hematopoiesis was basically restored. After termination of ART, the CD4^+^ T cell counts of four SIV monkeys declined transiently before returning to the level during ART treatment, and the CD4 absolute count of RM 31 was superior to other monkeys ([Figure 7](#fig7){ref-type="fig"}A). The changes of CD4/CD8 ratio also reflected the level of immune balance in the monkeys. Following a sharp decline shortly after cessation of ART, the CD4/CD8 ratio in monkey RM 31 gradually recovered to the level during ART treatment ([Figure 7](#fig7){ref-type="fig"}B).Figure 7The Absolute Count of Peripheral CD4^+^ T Cells, and the Expression of CCR5 before and after Autotransplantation of *CCR5*-Modified HSPCs(A) The changes of circulating CD4^+^ T cell count pre- and post-transplantation. (B) The changes in peripheral CD4/CD8 ratio before and after engraftment. (C) The proportion of CCR5^+^CD4^+^ T cells in whole circulating CD4^+^ T cells prior to and after transplantation. The blue arrows in (A)--(C) indicate the start (arrow up) and stop (arrow down) of ART treatment.

Because SIVmac251 uses CCR5 as the major co-receptor for entry into monkey CD4^+^ T cells,[@bib37] we examined the expression of CCR5 in CD4^+^ T cells. During ART treatment, the expression level of CCR5 in CD4^+^ T cells was significantly increased for all of the SIV-infected monkeys. However, the proportion of CCR5^+^CD4^+^ T cells decreased after termination of ART 1 month after transplantation ([Figure 7](#fig7){ref-type="fig"}C). A possible explanation is that, in the absence of antiviral drugs, a large number of free SIVs in peripheral blood could infect and lead to the death of CCR5^+^CD4^+^ T cells. Monkey RM 31 showed the lowest level of CCR5 expression in CD4^+^ T cells ([Figure 7](#fig7){ref-type="fig"}C). Nevertheless, the proportion of CCR5^+^CD4^+^ T cells remained low in both the *CCR5*-modified and control animals, which suggested that modifying *CCR5* gene may play only a partial role in CCR5 expression on CD4^+^ T cells.

Discussion {#sec3}
==========

HIV-1 gene therapy has been explored for decades, and there are many new drugs targeting the viral or host genes.[@bib38]^,^[@bib39] In this study, we disrupted the *CCR5* gene in HSPCs of SIV-infected rhesus macaques on ART, engrafted the modified autologous HSPCs to the infected monkeys, and assessed the frequency of *CCR5* gene editing *in vivo*, SIV viral load, immune function, and sets of physiological parameters.

The adverse effects of this approach observed in this pilot trial include weight loss, diarrhea, emesis, and hair loss, which were mainly caused by the immunosuppressive effect of busulfan.[@bib40] However, these adverse effects gradually disappeared with the success of engraftment in most animals. In terms of safety, the four subjects all survived the operation of apheresis, autologous transplantation, and ART withdrawal during the observation period. Moreover, long-term follow-up of blood routine and biochemical indicators showed that these monkeys were able to maintain physiological homeostasis after transplantation of HSPCs defective for *CCR5*.

In the preliminary observation of validity, two (RM 31 and RM C3) of the three treated recipients (2/3) showed delayed SIV rebound, and only one (RM 31; [Figure 6](#fig6){ref-type="fig"}A) of them showed undetectable viral rebound until now accompanied by the relatively reduced level of SIV iDNA ([Figure 6](#fig6){ref-type="fig"}B). Correspondingly, the immunological markers of monkey RM 31 (absolute count of CD4^+^ T cells, ratio of CD4/CD8 cells, proportion of different types of immune cells) also indicated its immune function was maintained at a relatively high level. Given that some MHC haplotypes in nonhuman primates are able to naturally control infection of SIV, which could, for example, explain the data in RM 31, the experimental monkeys were subjected to the analysis of MamuI haplotypes.[@bib41] It was found that all the animals enrolled in the current study were negative for Mamu-A∗01, Mamu-A∗11, Mamu-B∗08, and Mamu-B∗17, the well-known haplotypes that could play a protective role in SIV-infected monkeys (data not shown).[@bib41], [@bib42], [@bib43], [@bib44] Nevertheless, we acknowledged that it remains difficult to interpret the viral correlates related to the transplantation intervention in RM 31 and RM C3. In spite of some limitations, including low level of gene modification and small sample size, this study together with previous reports confirmed that even at low levels,[@bib26] the engraftment of *CCR5*-disrupted HSPCs may give rise to SIV-resistant CCR5-negative CD4^+^ T cells that have the potential to refill the virus-depleted CD4^+^ T cell niche. Based on the current data, it is hypothesized that a higher efficiency of gene knockout could significantly reduce the proportion of CD4^+^ T cells infected by CCR5-tropic SIV, thereby reducing the viral reservoir in peripheral blood. It will take a longer time for *CCR5*-ablated HSPCs to yield more SIV-resistant CD4^+^ T cells to realize the state of functional cure. Hence prolonged observation will probably help to further clarify the immune protection against SIV in infected monkeys so as to comprehensively evaluate the role of *CCR5* modification in controlling viral infection and maintaining immune balance.

The limitation of this research is that it is only a preliminary study with too few animals and no better control groups (transplantation of HSPCs in healthy monkeys and transplantation of unmodified HSPCs in SIV-infected monkeys) were included, so it is impossible to draw conclusions from the current results. Meanwhile, the knockout efficiency of *CCR5* gene needs to be further improved, and the experimental design needs to be further optimized. Therefore, emphasis should be placed on the need for a well-designed *in vivo* study of rhesus monkeys with the necessary control groups before conducting clinical trials.

Individuals infected with HIV-1 frequently show cytopenia and suppressed hematopoiesis; however, the role of direct HIV-1 infection of HSPCs in this process remains controversial.[@bib34]^,^[@bib35]^,^[@bib45] It has been documented that HIV-1 can infect hematopoietic progenitor cells (HPCs) using CXCR4 receptors.[@bib35] However, the CD34^+^ cells obtained by leukapheresis and purification are a mixture of HSCs and HPCs. To our surprise, the current data showed that the copy number of SIV iDNA in these mixed hematopoietic cells was lower than the detection threshold of the Alu-PCR, suggesting that there were few latent proviruses in HSPCs here. This may be because long-term ART drugs inhibited the replication of SIV in peripheral blood, thus protecting HSPCs in bone marrow from infection of SIV,[@bib36] which is crucial for rebuilding a fully protective immune system after reconstruction.

Given the late time to initiate ART, some animals already displayed multiple organ infections (data not shown), so the therapeutic effect of ART is not optimal. Although the absolute count of CD4^+^ T cells did not fall to the reference level of AIDS (below 200/μL),[@bib46] the monkeys showed increasing collapse of protective immunity, which adversely affected the mobilization of HSPCs and the reconstitution of immune function. Therefore, repeated trials that extensively evaluate the levels of viral infection and immune function of monkeys should be conducted before carrying out HSPC-based gene therapy in the future.

Materials and Methods {#sec4}
=====================

Animals and the Experimental Design {#sec4.1}
-----------------------------------

The Chinese rhesus macaques (*Macaca mulatta*) were housed and fed according to guidelines established by the *Guide for the Care and Use of Laboratory Animals* and the Animal Welfare Act at the Non-human Primate Animal Center of the Guangzhou Institutes of Biomedicine and Health (GIBH). The animal experiments performed in this study were approved by the GIBH Institutional Animal Care and Use Committee. [Figure 1](#fig1){ref-type="fig"} shows the study design, and [Table S1](#mmc1){ref-type="supplementary-material"} shows the information and treatments of animals. All monkeys were inoculated with SIVmac251 (10^4^ median tissue culture infective dose \[TCID~50~\]) and treated with ART for over 1 year. The ART regimen included 9-R-(2-phosphonomethoxypropyl) adenine (PMPA) (30 mg/kg; Desano Pharmaceuticals, Shanghai, China) and emtricitabine (FTC) (20 mg/kg; Desano Pharmaceuticals, Shanghai, China), administered once daily intramuscularly (i.m.). During the ART treatment, the recombinant human SCF (100 μg/kg/day; PeproTech, Rocky Hill, NJ, USA) and G-CSF (25 μg/kg/day; PeproTech, Rocky Hill, NJ, USA) were injected subcutaneously to the SIV-infected monkeys for 3--5 consecutive days followed by apheresis operation. Two collections of CD34^+^ HSPCs were pooled together and infected with *CCR5*-specific CRISPR/Cas9 lentiviruses. Prior to engraftment of autologous CD34^+^ HSPCs (day 0), each monkey was intravenously infused with busulfan (80 mg/cm^2^ surface area) (Busulfex; Kyowa Hakko Kirin Pharmaceutical, Shanghai, China) at the speed of 0.1 mL/min on days −4 and −2 according to previous research.[@bib47] RBCs with the same blood type (group B and AB) were infused to recipients to prevent anemia. The extent of hematopoietic reconstitution was assessed by the percentage of reticulocytes in peripheral blood.[@bib31] About 1 month later, the engraftment was successful and ART treatment was terminated. The body weight, blood routine, blood biochemistry, and virological and immunological indexes of experimental monkeys at different time points were measured to evaluate the safety and efficacy of this animal model.

Quantification of SIV RNA in Plasma and Integrated SIV DNA in PBMCs {#sec4.2}
-------------------------------------------------------------------

The levels of plasma SIV RNA were measured by quantitative reverse-transcriptase PCR (qRT-PCR), as previously described.[@bib22] The amount of SIV iDNA integrated in PBMCs was quantified using modified Alu-PCR according to the previous method.[@bib22]^,^[@bib48] All of the primers and probes for the above qRT-PCR and Alu-PCR were listed in [Figure S1](#mmc1){ref-type="supplementary-material"}.

HSPCs Culture and Transfection with SIV-R5-H or SIV-R5-HI {#sec4.3}
---------------------------------------------------------

The SIV-infected macaques received SCF (100 μg/kg/day; Amgen, Thousand Oaks, CA, USA) and G-CSF (25 μg/kg/day; Amgen, Thousand Oaks, CA, USA) as subcutaneous injections for 3 days. Mobilized peripheral blood cells were collected by apheresis on day 3 as described previously.[@bib49] Mononuclear cells were isolated using density gradient centrifugation over LYM separation medium (Organon Teknika, Durham, NC, USA), and enrichment of CD34^+^ cells was performed using a Dynabeads CD34^+^ isolation kit (Invitrogen, Carlsbad, CA, USA) per the manufacturer's instruction. The purity of CD34^+^ cell sorting was around 75%. For each animal, the apheresis was conducted twice at different time points to harvest more HSPCs for transplantation. The CD34^+^ cells collected from two batches were pooled together and pre-stimulated for 24 h with SCF, Flt3-L, and thrombopoietin \[TPO\] (100 ng/mL for each; PeproTech, Rocky Hill, NJ, USA) on RetroNectin (Takara, Shiga, Japan)-coated plates. Then the cells were exposed to SIV-GFP, SIV-R5-H, or SIV-R5-HI infection (MOI = 100) supplemented with 8 μg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA) for 8 h and then transferred into fresh medium containing cytokines and vector particles, and incubation was continued for another 12 h. A fraction of infected HSPCs was retained to analyze the efficiency of *CCR5* gene modification and assess the potential of hematopoietic differentiation.

Colony-Forming Cell Assay {#sec4.4}
-------------------------

One thousand sorted CD34^+^ HSPCs were plated in 3 mL methylcellulose (MethoCult H4435 Enriched; STEMCELL Technologies) on a 35-mm cell culture dish and cultured for 2 weeks at 37°C in a 5% CO~2~ incubator. Different categories of colonies were then counted and scored.

Construction of SIV Lentiviral Vectors: pCL-CAS-sgR5-H and pCL-CAS-sgR5-HI {#sec4.5}
--------------------------------------------------------------------------

The SIV-based lentiviral vector (pCL20c-SLFR-MSCV-GFP) and the packaging system (pCAG-SIVgprre, pCAG4-RTR-SIV, and pCAG-VSV-G) were generous gifts from Dr. Nienhuis. The optimal sgRNAs targeting monkey *CCR5* gene (GenBank: [NM_001042773.3](ncbi-n:NM_001042773.3){#intref0010}) locus (sgR5-H and sgR5-I) have been reported in our previous research.[@bib19] For the single-guide RNA expression vector, the hU6-sgR5-H-EFS-spCas9-puro cassette was PCR amplified from pLenti-CAS-sgR5-H and then inserted into the HpaI/ClaI (NEB, Ipswich, MA, USA)-digested lentiviral vector pCL20c-SLFR-MSCV-GFP to yield a new plasmid: pCL-CAS-sgR5-H. For the dual-guide RNA expression vector, the hU6-sgR5-I cassette was PCR amplified from pLenti-CAS-sgR5-I and then tandemly linked with the 3′ end of the sgR5-H sequence of EcoRI (NEB)-digested pCL-CAS-sgR5-H. This new plasmid was named pCL-CAS-sgR5-HI. All of the sgRNA target sites and primer sequences are shown in [Figure S1](#mmc1){ref-type="supplementary-material"}.

Packaging and Purification of CRISPR/Cas9 Lentiviruses: SIV-R5-H and SIV-R5-HI {#sec4.6}
------------------------------------------------------------------------------

The production of SIV-based lentiviruses was performed as previously described.[@bib28] In brief, 1 × 10^7^ HEK293T cells (ATCC, Gaithersburg, MD, USA) were seeded onto 145-mm Petri dishes in Dulbecco's modified Eagle's medium (DMEM; GIBCO, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; DF-10; GIBCO) and containing 100 U/mL penicillin G (Sigma-Aldrich) and 100 μg/mL streptomycin (Sigma-Aldrich). Twenty-four hours later, cells were transfected with a total of 42 μg DNA composed as follows: 9 μg pCAG-SIVgprre, 9 μg pCAG4-RTR-SIV, 9 μg pCAG-VSV-G, and 15 μg pCL-CAS-sgR5-H or pCL-CAS-sgR5-HI. Transfection was performed using linear PEImax (Polysciences, Warrington, PA, USA) according to our previous study.[@bib19] After 8 h, the media were replaced with 20 mL of serum-free UltraCULTURE (Lonza, Basel, Switzerland) medium supplemented with 0.6 mg/mL glucose (Sigma-Aldrich) and 1% GlutaMAX (GIBCO). After another 60 h, all of the cell supernatant was collected and centrifuged at 500 × *g* at 25°C for 10 min to pellet the cell debris, and the supernatant was filtered through a 0.45-μm low protein binding membrane (Merck Millipore, Darmstadt, Germany). To achieve a 300× concentration of the CRISPR/Cas9 lentiviruses, the filtered medium containing virions was ultracentrifuged at 20,000 rpm for 2 h at 4°C, resuspended in PBS without Ca^2+^ and Mg^2+^ overnight at 4°C, snap frozen in aliquots, and stored at −80°C.

Titration of SIV-R5-H and SIV-R5-HI Based on the Number of Vector Copies Integrated into Cellular Genome {#sec4.7}
--------------------------------------------------------------------------------------------------------

To determine the titer of concentrated lentiviruses, we used a previously reported quantitative PCR method with some modifications in primers and probe.[@bib19] The SIV lentiviral shuttle vector originated from the SIVmac1A11 strain. For the SIV Gag detection, the primer pair and the probe were listed in [Figure S1](#mmc1){ref-type="supplementary-material"}.

NHEJ Assay and Deep Sequencing for Genome Mutagenesis {#sec4.8}
-----------------------------------------------------

The genomic DNA was extracted from modified and control cells using a DNeasy Blood & Tissue Kit (QIAGEN, Dusseldorf, Germany). After PCR amplification of the *CCR5* sgRNA binding sites by Phanta Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China) with the gene-specific primers listed in [Figure S1](#mmc1){ref-type="supplementary-material"}, the Cruiser Gene Knockout Detection Kit (Genloci Biotechnologies, Nanjing, China) was used according to the manufacturer's instructions. The digested DNA was resolved by 12% PAGE on the Gel Imaging System. The ratio of cleaved to un-cleaved products was calculated as a measure of frequency of gene modification using ImageJ software (NIH Image-BioLab).[@bib50] To detect the efficacy of gene editing *in vivo*, we quantified the percentage of *CCR5*-edited alleles in each sample using the Illumina MiSeq platform according to previous research.[@bib25]

Lymph Node Collections, Gut Biopsies, Blood Cell Sorting, and Flow Cytometry {#sec4.9}
----------------------------------------------------------------------------

At the indicated time points, inguinal lymph nodes were collected and flash frozen. GI biopsies from upper GI (duodenum) and lower GI (colon) were collected as described previously.[@bib29] Single-cell suspensions were prepared from cell culture or peripheral tissues. Peripheral blood cell subsets were sorted using magnetic bead kits from Miltenyi Biotec (Bergisch Gladbach, Germany) or through antibody labeling and a FACSAria II machine (BD Biosciences, Franklin Lakes, NJ, USA). The following antibodies (clones) were purchased from BD Biosciences: CD3 (SP34-2), CD4 (L200), CD45 (D058-1283), CCR5 (3A9), CD11b (ICRF44), CD14 (M5E2), CD16 (3G8), CD34 (563), CD28 (CD28.2), and CD95 (DX2). Anti-CD8 (B9.11) and anti-CD19 (J3-119) were purchased from Beckman Coulter (Brea, CA, USA). Anti-CD38 (AT-1) was purchased from STEMCELL Technologies (Vancouver, BC, Canada). For surface marker measurement, individual antibodies were added to the cell suspension alone or together. Isotype control antibodies were used for gating the positive group of target cells. Cells were stained with antibodies for 20 min at room temperature followed by washing twice with PBS plus 2% FBS. After resuspension, cells were subjected to FACS analysis in less than 8 h.

Routine and Biochemical Blood Tests of Rhesus Macaque {#sec4.10}
-----------------------------------------------------

The peripheral blood added with or without anticoagulant was transported at room temperature. The whole blood with anticoagulant was used for blood routine assay of WBC, NEU, LYM, MONO, RBC, PLT, HGB, and hematocrit value (HCT) within 4 h. The whole blood without anticoagulant was first centrifuged, and the upper serum was isolated and frozen at −20°C. The serum biochemical indicators, including ALT, AST, CRE, BUN, and LDH, were tested within 1 month.

Statistical Analysis {#sec4.11}
--------------------

All statistical analyses were performed with GraphPad Prism software. Statistical significance was determined with the Mann-Whitney *U* test, with p \< 0.05 considered statistically significant. Data are presented as mean ± SD.
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